Magnetic properties of Co2MnGe thin films of different thicknesses (13, 34, 55, 83, 100 and 200 nm), grown by RF sputtering at 400
I. Introduction
Ferromagnetic Heusler half metals with full spin polarization at the Fermi level are considered as potential candidates for injecting a spin-polarized current from a ferromagnet into a semiconductor and for developing sensitive spintronic devices [1] . Some Heusler alloys, like Co 2 MnGe, are especially promising for these applications, due to their high Curie temperature (905 K) [2] and to their good lattice matching with some technologically important semiconductors [3] . Therefore, great attention was recently paid to this class of Heusler alloys [4] [5] [6] [7] [8] [9] [10] .
In a previous work [11] , we used conventional and micro-strip line (MS) ferromagnetic resonance (FMR), as well as Brillouin light scattering (BLS) to study magnetic properties of 34-nm-, 55-nm-and 83-nm-thick Co 2 MnGe films at room temperature. We showed that the in-plane anisotropy is described by the superposition of a twofold and of a fourfold term. The easy axes of the fourfold anisotropy were found parallel to the c-axis of the Al 2 O 3 substrate (and, consequently, the hard axes lie at ±45
• of c). The easy axes of the twofold anisotropy were found at ±45
• of c for the 34-nm-and 55-nm-thick films and slightly misaligned with this orientation in the case of the 83-nm-thick sample. However, a detailed study of the in-plane anisotropy, involving temperature and thickness dependence, allowing for their physical interpretation is still missing. Therefore, it forms the aim of the present paper. Rather complete x-rays diffraction (XRD) measurements over a large thickness range of Co 2 MnGe films are reported below in an attempt to find correlations between in-plane anisotropies, thickness and crystallographic textures. The thickness-and the temperature-dependence of these anisotropies are investigated using vibrating sample magnetometry (VSM) and the above mentioned FMR techniques. In addition, we present intrinsic damping parameters deduced from broadband FMR data obtained with the help of a vector network analyzer (VNA) [12] [13] [14] .
I. Sample properties and preparation
Co 2 MnGe films with 13, 34, 55, 83, 100 and 200 nm thickness were grown on sapphire a-plane substrates (showing an in-plane c-axis) by RF-sputtering with a final 4 nm thick gold over layer. A more detailed description of the sample preparation procedure can be found elsewhere [11, 15] .
The static magnetic measurements were carried out at room temperature using a vibrating sample magnetometer (VSM). The dynamic magnetic properties were investigated with the help of 9.5 GHz conventional FMR and of MS-FMR [11] . The conventional FMR set-up consists in a bipolar X -band Bruker ESR spectrometer equipped with a TE 102 resonant cavity immersed is an Oxford cryostat, allowing for exploring the 4-300 K temperature interval. The MS-FMR set-up is home-made designed and, up to now, only works at room temperature. The resonance fields (conventional FMR) and frequencies (MS-FMR) are obtained from a fit assuming a Lorentzian derivative shape of the recorded data. The experimental results are analyzed in the frame of the model presented in [11] .
XRD experiments were performed using four circles diffractometers in Bragg-Brentano geometry in order to determine θ − 2θ patterns and pole figures. The diffractometer devoted to the θ − 2θ patterns was equipped with a point detector (providing a precision of 0.015
• in 2θ scale). The instrument used for recording pole figures was equipped with an Inel T M curved linear detector (120
• aperture with a precision of 0.015 • in 2θ scale). The X-rays beams (Cobalt line focussource at λ = 1.78897 ) were emitted by a Bruker T M rotating anode. define a direct macroscopic ortho-normal reference (1, 2, 3) , where the 3axis stands for the direction normal to the film. ϕ and ψ are the so-called diffraction angles used for pole figure measurements. ψ is the declination angle between the scattering vector and the 3-axis, ϕ is the rotational angle around the 3-axis. Theθ − 2θ patterns (not shown here) indicate that, for all the Co 2 MnGe thin films, the <110> axis can be taken along the 3-axis. The Co 2 MnGe deduced lattice constant (a = 5.755 is in good agreement with the previously published ones [6, 16] . Due to the [111] preferred orientation of the gold over layer along the 3-axis, only partial {110} pole figures could be efficiently exploited. They behave as {110} fiber textures containing well defined zones showing significantly higher intensities (Figure 1 (a) and (b)). These regions correspond to orientation variants which can be grouped into two families (see Figure 1 ). The first one, where the threefold [111] or the [111] axis is oriented along the c rhombohedral direction, consists of two kinds of distinct domains with the [001] axis at ±54.5
• from the c-axis. The second family, which is rotated around the 3-axis by 90
• from the first one, also contains two variants. This peculiar in-plane domain structure is presumably induced by the underlying vanadium seed layer. As illustrated in Figure  1b , which represents ϕ-scans at ψ = 60
• , we do not observe major differences between the crystallographic textures of the 55-nm and of the 100-nm-thick samples : the first family shows a concentration twice larger than the second one ; at least for the first family, which allows for quantitative evaluations, the concentrations of the two variants do not appreciably differ from each other; finally, about 50% of the total scattered intensity arises from domains belonging to these oriented parts of the scans. In the 200-nm-thick sample the anisotropy of the fiber is less marked but the two families remain present.
III. Results and discussion

1-Static magnetic measurements
In order to study the magnetic anisotropy at room temperature, the hysteresis loops were measured for all the studied films with an in-plane applied magnetic field along various orientations as shown in Figure2 (ϕ H is the in-plane angle between the magnetic applied field H and the c-axis of the substrate). The variations of the coercive field (H c ) and of the reduced remanent magnetization (M r /M s ) were then investigated as function of ϕ H . The typical behavior is illustrated below through two representative films which present different anisotropies. Figure 2a shows the loops along four orientations for the 100-nm-thick sample. One observes differences in shape of the normalized hysteresis loops depending upon the field orientation. For H along c-axis (ϕ H =0
• ) we observe a typical easy axis square-shaped loop with a nearly full normalized remanence (M r /M s =0.9), a coercive field of about 20 Oe and a saturation field of 100 Oe. As ϕ H increases away from the c-axis, the coerciv- • are different: they show a rounded loop with M r /M s equal to 0.75 and 0.63 and with saturation fields of about 170 Oe and 200 Oe, respectively. This result qualitatively agrees with a description of the inplane anisotropy in terms of four-fold and two-fold contributions with slightly misaligned easy axes.
The variations of H c and M r /M s versus ϕ H are illustrated in Figures 3a and 3b for the 100-nm-thick film. The presence of a fourfold anisotropy contribution is supported by the behavior of H c (Figure 3a) , since two minima appear within each period (180
• , as expected), as shown in Figure 3a . The minimum minimorum is mainly related to the uniaxial anisotropy term. In the same way, as displayed in Figure 3b , the behavior of M r /M s is dominated by the uniaxial anisotropy. It is worth to notice that the minimum minimorum position slightly differs from 90
• (lying around 96 • ), thus arguing for a misalignment between the twofold and the fourfold anisotropy axes. Figure 2b shows a series of hysteresis loops, recorded with an in-plane applied field, for the 55-nm-thick film. A careful examination suggests that the fourfold anisotropy contribution is the dominant one and that the related easy axis lies along c-axis. The M r /M s variation versus ϕ H , reported in Figure 3c , is consistent with an easy uniaxial axis oriented at 45
• of this last direction. Both fourfold and uniaxial terms are smaller than for the 100-nm-thick sample.
2-Dynamic magnetic properties
As previously published [11] , the dynamic properties are tentatively interpreted assuming a magnetic energy density which, in addition to Zeeman, demagnetizing and exchange terms, is characterized by the following anisotropy contribution:
In the above expression, θ M and ϕ M respectively represent the out-of-plane and the in-plane (referring to the c-axis of the substrate) angles defining the direction of the magnetization M s ; ϕ u and ϕ 4 stand for the angles of the uniaxial axis and of the easy fourfold axis, respectively, with this c-axis. With these definitions K u and K 4 are necessarily positive. As done in ref. [11] , it is often convenient to introduce the effective magnetization 4πM ef f = 4πM s − 2K/M s , the uniaxial in-plane anisotropy field H u = 2K u /M s and the fourfold in-plane anisotropy field
For an in-plane applied magnetic field H, the studied model provides the following expression for the frequencies of the experimentally observable magnetic modes:
In the above expression γ is the gyromagnetic factor: (γ/2π) = g × 1.397 × 10 6 Hz/Oe. The uniform mode corresponds to n=0. The other modes to be considered (perpendicular standing modes) are connected to integer values of n: their frequencies depend upon the exchange For all the films the magnetic parameters at room temperature were derived from MS-FMR measurements. The deduced g factor is equal to 2.17, as previously published [11] .
The in-plane MS-FMR spectrum of the 100 nm-thick Table I. sample (Figure 4a ) submitted to a field of 520 Oe shows two distinct modes: a main one (mode 2), with a wide line-width (about 0.6 GHz) and a second weaker one (mode 1) at lower frequency with a narrower line-width (0.2 GHz)). Their field-dependences are presented in Figure 4b . In contrast with mode 2, which presents significant in-plane anisotropy, the measured resonance frequency of mode 1 does not vary versus the in-plane angular orientation of the applied magnetic field: such a different behavior prevents from attributing mode 1 to a perpendicular standing excitation. Consequently, mode 1 is presumably a uniform mode arising from the presence of an additional magnetic phase in the film, possessing a lower effective demagnetizing field. In the following, we focus on mode 2 which is assumed to be the uniform mode arising from the main phase. As previously published, only one uniform mode is observed with the 55-nm-thick sample.
Figures 5b and 5d illustrate the experimental in-plane angular-dependencies of the resonance frequency of the uniform mode for the 100-and for the 55-nm-thick samples, compared to the obtained fits using equation (2) . As expected from the VSM measurements, in the 100-nm sample the fourfold and uniaxial axes of anisotropy are misaligned: it results an absence of symmetry of the representative graphs around ϕ H = 90
• . The best fit is obtained for the following values of the magnetic parameters: 4πM eff = 9800 Oe, H u = 55 Oe, H 4 = 110 Oe, ϕ 4 =0
• , ϕ u • = 12
• . As previously published, in the case of the 55-nm sample the direction of the easy uniaxial axis does not coincide with the observed one for the fourfold axis. The best fit for this film corresponds to: 4πM eff = 9800 Oe, H u = 10 Oe, H 4 = 54 Oe, ϕ 4 = 0
• , ϕ u =45
• . In both samples, the fourfold anisotropy easy direction is parallel to the c axis of the substrate: this presumably results from an averaging effect of the above described distribution of the crystallographic orientations, in spite of the facts that such a conclusion requires equal concentrations of the two main variants, a condition which, strictly speaking, is not fully realized, and that the observed value of ϕ 4 does not derive from probably oversimplified averaging model that we attempted to use, based on individual domain contributions showing their principal axis of anisotropy along their cubic direction.
As usual, attempts to interpret the in-plane hysteresis loops using the coherent rotation model do not provide a quantitative evaluation of the anisotropy terms involved in the expression of magnetic energy density. However, the experimentally measured M r / M s angular variation, which, with this model, is given by cos(ϕ M -ϕ H )) in zero-applied field and is easily calculated knowing ϕ ϕ u , ϕ 4 and H u / H 4 , is in agreement with the values of these coefficients fitted from resonance data, as shown in Figures 5a and 5c . )  13  8000  45  40  12  0  34  9000  6  20  45  0  55  9800  10  54  45  0  89  9200  15  22  -5  0  100  9800  60  110  12  0  200  9900  24  0   Table I : Magnetic parameters obtained from the best fits to our experimental results. ϕu and ϕ4 are the angles of in-plane uniaxial and of fourfold anisotropy easy axes, respectively
The magnetic parameters deduced from our resonance measurements are given in Table I for the complete set of the studied films. In contrast with the direction of the fourfold axis which does not vary, the orientation of the uniaxial axis is sample dependent: for some of them (34 and 55nm) the easy uniaxial direction lies at The fit is obtained using equation (2) with the parameters indicated in Table I .
45
• from the c-axis of the substrate (thus coinciding with the hard fourfold direction); for other ones (13, 83 , 100 nm) it shows a variable misalignment; finally, the uniaxial anisotropy field vanishes for the thickest sample (200 nm). We tentatively attribute at least a fraction of the uniaxial contribution as originating from a slight misorientation of the surface of the substrate. The amplitudes of both in-plane anisotropies are sample dependent and cannot be simply related to the film thickness. It should be mentioned that some authors [17] have reported on strain-dependent uniaxial and fourfold anisotropies in Co 2 MnGa. This suggests a forthcoming experimental X-rays study of the strains present in our films.
In addition, it is useful to get information about the damping terms involved in the dynamics of magnetic excitations in the above samples. Notice that in order to integrate these films in application devices like, for instance, MRAM, it is important to make sure that their damping constant is small enough. The damping of the 55-nm-thick film was studied by VNA-FMR [12] [13] [14] : it is analyzed in terms of a Gilbert coefficient α in the LandauLifschitz-Gilbert equation of motion. The frequency linewidth ∆f of the resonant signal around f r observed using this technique is related to the field line-width ∆H measured with conventional FMR excited with a radiofrequency equal to f r through the equation [18] :
∆H is given by:
(where ∆H 0 stands for a small contribution arising from inhomogeneous broadening). The measured linear dependence of ∆H is shown versus f r in Figure 6 . We then obtain the damping coefficient: α =0.0065. This value lies in the range observed in the Co 2 MnSi thin films [19] [20] [21] .
Finally, the temperature dependence was studied for the 55-nm-thick sample using conventional FMR. The fits of the magnetic parameters were performed assuming that g practically does not vary versus the temperature T, as generally expected. We then take: g = 2.17. The results for the uniaxial and for the fourfold in-plane anisotropy fields are reported in Figure 7 . H u is temperature independent while H 4 is a significantly decreasing function of T. This behavior of H 4 is presumably related to the magneto-crystalline origin of this anisotropy term. 
V Summary
The static and dynamic magnetic properties of Co 2 MnGe films of various thicknesses sputtered on a-plane sapphire substrates have been studied. The present work focused on the dependence of the parameters describing the magnetic anisotropy upon the crystallographic texture and upon the thickness of the films. The crystallographic characteristics were obtained through X-ray diffraction which reveals the presence of a majority of two distinct (110) domains. Magnetometric measurements were performed by VSM and magnetization dynamics was analyzed using conventional and micro-strip resonances (FMR and MS-FMR). The main results concern the in-plane anisotropy which contributes to the magnetic energy density through two terms: a uniaxial one and a fourfold one. The easy axis related to the fourfold term is always parallel to the c-axis of the substrate while the easy twofold axis shows a variable misalignment with the c-axis. The fourfold anisotropy is a decreasing function of the temperature: it is presumably of magneto-crystalline nature and its orientation is related to the above noticed domains. The observed misalignment of the two-fold axis is tentatively interpreted as induced by random slight miscuts affecting the orientation of the surface of the substrate. The two-fold anisotropy does not significantly depend on the temperature. There is no evidence of a well-defined dependence of the anisotropy versus the thickness of the films. Finally, we show that the damping of the magnetization dynamics can be interpreted as arising from a Gilbert term in the equation of motion, that we evaluate.
